A loss or reduction in the 0 side-chain material of the cell-wall lipopolysaccharide is known to abolish or reduce the virulence of Salmonella strains. The present report concerns the effect on virulence of altering the quality of smooth-type 0 side-chains in a basically virulent Salmonella typhimurium line. The original rfbB locus determining the structure of 4, IZspecific repeating units was replaced either in transduction or in conjugation by the wild-type rfbD locus of group D (0 antigens 9, IZ), or rfbc of group C (0 antigens 6, 7). The LD50 values of the 4, 5, 12 recombinants or transductants were about 105 and like those of the 4, 5, 12 parent, whereas the LD 50 values of the 9,12 transductants were about I O~, and the LD 50 values of the 6, 7 recombinants and transductants were over 10'. The reduced virulence of both 9, 12 and 6, 7 recombinants could be restored to the original level by reintroducing the rfbB locus into these strains through conjugation. It seems, therefore, that different kinds of 0 side-chains confer different degrees of virulence on S. typhimurium.
INTRODUCTION
It has long been known that the change in colony morphology from smooth to rough (S -+ R variation), with accompanying loss of 0 agglutinating ability, greatly reduces virulence of Salmonella bacteria (Lingelsheim, I g I 3 ; Arkwright, 1927) . Since the first observation in 1913, further evidence has accumulated for the importance of the structure of the 0 antigen in virulence of Salmonella strains (Roantree, 1967) .
The 0 antigen -also called endotoxin or lipopolysaccharide (LPS) -forms the outermost layer in the Salmonella cell wall and contains a lipid and a polysaccharide. The latter has a core which is common to all Salmonella species, and to which are attached long 0 side-chains (Luderitz, Jann & Wheat, 1968) . The 0 side-chains of at least groups B, D and E are polymers of several repeating units per side-chain. The sugar composition of the repeating units (the 0 side-chain) determines the 0 specificity characteristic for each Salmonella group (Fig. I) .
The S -+ R variation is caused by mutations blocking the synthesis of the polysaccharide. The avirulent R forms thus have an incomplete LPS with no 0 side-chains; rfa mutants are blocked in the synthesis of the core, rfb in the synthesis of the repeating unit, and rfc in their polymerization (Makela & Stocker, 1969) . Both rfa and rfb \ i d a n + Rha-t Gal I n Group B (4, 12) (:::-+ Rha-t Gal ) n (Man+ M a z a n -+ Man-, GNAc n? Group D (9, 12) ) Group c (6, 7)
Glu Fig. I . Schematic structure of the 0 side-chains. According to Liideritz, Jann & Wheat (1968) ; the structure for the group C side-chain is only tentative (Fuller & Staub, 1968) . Abe = abequose, Gal = galactose, Glu = glucose, GNAc = N-acetylglucosamine, Man = mannose, Rha = rhamnose, Tyve = tyvelose.
Some recent studies suggest that even in non-R forms possessing 0 side-chains the quantity of the 0 side-chain material plays a role in virulence. The mouse virulence of an SR form, which has only one repeating unit per side-chain, is intermediate between the virulence of the S and that of the R form (Nakano & Saito, 1969) . A highly virulent smooth Salmonella typhimurium was shown to possess about twice as many of the antigenic determinants 4, 5 and 12, measured by an immunological technique, as another smooth but avirulent S. typhimurium strain (Archer & Rowley, 1969) . The ribose-and galactose-containing T I side-chains appear to confer only a slight degree of virulence on a rfb mutant of S. typhimurium, much less than do the original 4, 5, 12 side-chains, suggesting that the quality of the side-chain may also affect virulence (Valtonen, 1969) .
The purpose of this work was to make a systematic study of the possible effects on virulence of altering the quality of smooth-type 0 side-chains in a known virulent line of Salmonella typhimurium. The alteration was accomplished by genetic replacement of the original rfbB locus (that is rfb of group B), which determines the structure of 4,ia-specific repeating units, with the rfbD locus of group D (0 antigens 9, 12) or with rfbc locus of group C (0 antigens 6, 7). The LD50 value for mice was used as a measure of virulence in this work.
METHODS
Bacterial and phage strains. The bacterial strains with their main properties and origins are listed in Table I were induced by adding diethylsulphate (10 mg./ml.) to an overnight broth culture and incubating for 30 min. at 37". The culture was then diluted I :I 00 in fresh medium and incubated overnight before plating on appropriate suboptimally supplemented media. The genetic donors were Hfr derivatives of Salmonella abony (Makela, 1963) and S. montevideo. The gene symbols are explained in a footnote to Table I . The S-and R-specific phages were originally obtained from Dr R. G. Wilkinson, University of Melbourne, Parkville, Australia. The following phages were used in this work: S-specific P22c2, g NA, P22h; R-specific P221, Br2, Ffm, Br60, CZI, S 13, #X174 and 6SR; and FO which attacks both S and R bacteria (Wilkinson, 1966; Wilkinson & Stocker, 1968) . Drops of phage lysates containing about 108 plaqueforming units were applied to an agar plate previously spread with the bacterial strain to be tested. Phage P 22 was used for transduction experiments. Media. Broth: Difco antibiotic medium 3 (1'75 g./Ioo ml.). Nutrient agar: broth solidified with 1-3 g. agar/Ioo ml. Selective media: Davis minimal medium (Lederberg, 1950 ) containing agar, 1-2 %; glucose, 0.2 %; required amino acids, 20 pg./ml. ; streptomycin, I mg./ml. where indicated. Suboptimally supplemented media : selective media with only 0-2pg./ml. of the amino acid for which mutants were selected (Hartman, Loper & Serman, 1960) .
Genetic methods. In conjugation experiments, equal amounts of exponentially growing donor (Hfr) and recipient (F-) broth cultures, containing about 5 x 108 bacteria/ml., were mixed and incubated at 37" for 2 h. without shaking before plating on appropriate selective media (Makela, I 966 Virulence of Salmonella and 0 antigen 259 ( 109 particles/ml.) was mixed with the exponentially growing recipient (109 bacteria/ ml. broth), and the mixture left for om in. at 37" with gentle shaking and then plated on the selective medium (Hartman et al. 1960) . The recombinants or the transductants appearing after incubation for 48 h. were restreaked on nutrient agar plates from which single colonies were picked for testing. The Hfr strains used and a schematic map of the Salmonella chromosome are given in Fig. 2 . Serological methods. 0 and H antigens were determined by slide agglutination in 4 % saline and in antisera appropriately diluted with 0.2 % saline. Anti-0 sera were prepared by immunizing rabbits with saline suspensions of nutrient agar cultures of smooth strains kept at 100' for 2 3 h. ; for anti-H sera the immunogen was a motile broth culture killed with formalin (Kauffmann, 1966) .
Virulence test. The LD50 value in mice was used to measure the virulence of the Salmonella strains (see Statistical methods). The SAW mice (Swiss Albino Webster strain) used in this work came from two different sources; line I from the State Serum Institute, Helsinki, Finland, and line I1 from the Department of Serology and Bacteriology, University of Helsinki. There was a small difference in their sensitivity to Salmonella typhimurium infection (see Results). Line I was used in only one set of experiments. Test animals of both sexes (aged 8 to 10 weeks, weighing between 22 and 25 g.) were used.
The bacterial strain to be tested was grown in broth for 18 h. (to early stationary phase, about 109 bacteria/ml.), tenfold dilutions of the culture were made in 0.9 % saline and the viable count was determined. Five consecutive dilutions (0.5 ml. each) were injected intraperitoneally into five groups of ten mice kept in separate cages. Special care was taken to keep the cages physically separate and to prevent contamination in feeding and handling. The animal room was disinfected after each experiment. Statistical methods. The LD 50 value was calculated from 10 day survival according to Reed & Muench (1938) . In the standard assay, virulence of two recombinant classes from one cross (or transduction) possessing different 0 antigens was compared. The statistical significance was calculated by forming a set of 2 x 2 tables from original data, according to the method of Mantel & Haenszel (1959) . As a rule, three such tables for three different dose levels were made as follows: (Mantel & Haenszel, 1959) . Since, and then E(X11) = XiNlI/N,
has a x2 distribution with one degree of freedom. The probability that a stated value of x2 would be exceeded under H,, is tabulated as P. The result is considered significant, when P < 0.01 and highly significant with P < 0-001.
An example of the calculation from the original data in Virulence of Salmonella and 0 antigen 26 I
RESULTS
Reliability of the virulence test Elimination of cross-infection. Control mice (I 10 in all) were injected intraperitoneally with 0.5 ml. of 0.9 % NaCl. Most of them were kept in their own cages placed between experimental cages, but a small number (15) were kept in groups of three in the same cages as infected animals. None of the control mice died during the 10 day observation period.
Stability of the strain during virulence test. Bacterial stability was controlled in each experiment by testing 20 colonies for their 0 antigen serologically and with S-and R-specific phages: 20 colonies were obtained both from the inoculum and from the cultures isolated from heart blood and intraperitoneal fluid of several dead mice. Most isolations were made within I h. from the moment of death. No reversions from R to S forms or other changes in the 0 antigens were found after animal passage. The LD5o value calculated from the 10 day survival.
Choice of the observation period. For obvious reasons a relatively short observation period was desirable. Essential information does not seem to be lost by our choice of the 10 day period as compared with the conventional 30 day experiment, because over go % of the deaths in 30 day experiments occur during the first 10 days (Table 3 ).
The shorter period may have an advantage in recording deaths due to the original inoculum since it is not likely to include deaths from secondary infection from cage mates.
Choice of the Salmonella strain. We wanted to use Salmonella typhimurium LT2 line as a basic strain, because it is genetically well characterized. The problem was that the On: Sat, 01 Dec 2018 06:03:57
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LT 2 line has a fairly low virulence compared with many S. typhimurium strains isolated from clinical specimens, e.g. ~~2 7 1 0 in Table 3 , LD50 < 102. The LD50 values of SH I and SL 1027 used in this work were about 105, while several other smooth LT 2 lines were even less virulent (LD5o > 10~). New auxotrophic mutants isolated from SL 1027 after mutagen treatment had often lost their virulence, and for this reason the virulence of each new mutant was checked before use. In further tests some of the new avirulent mutants were still smooth, but their loss of virulence could not be clearly correlated with the known auxotrophic mutations because their prototrophic revertants were still avirulent. The same phenomenon has been described earlier (Herzberg, 1962) .
Reproducibility of the LD50 values in the same mouse line was good ( Table 4) . (Table 4) . The difference between S and R forms, therefore, was only about a thousandfold as compared to the almost millionfold difference seen between S and R forms when starting from highly virulent Salmonella strains (ArkWright, 1927). However, in spite of this narrow scale, the virulence of the semirough mutant (rfc) with only one repeating unit per side-chain was clearly intermediate (LD50 -10~) between the virulence of the smooth and the R forms. There was no difference between the rfb and the rfaH mutants, agreeing with previous observations on different R mutants (Nakano & Saito, 1969; Edebo & Normann, 1970). Although both mutants were avirulent, they could be isolated as pure cultures from the heart blood of dead mice, indicating that when injected in large enough amounts they were also capable of causing infections. The endotoxin (LPS) effect seems to be lethal only at very high dose levels (> 1o8 bacteria/mouse): some deaths were observed on the first day after intraperitoneal injection of about I o9 heat-killed bacteria/mouse, but there were no deaths after a dose of about I O~.
The efect of 9, rz-speci~k side-chains
The rfb locus of Salmonella typhimurium determining 4, 12 specificity was replaced through P22 transduction by the rfb locus of S. enteritidis determining 9,12 specificity. Phage P 22 grown on the his+ 9,12 donor SH 1036 was applied to the his-#,5,12 virulent (LD5o = 105) recipient ~~2 1 8 3 ; some of the his+ transductants had the 0 antigens 9, 12 indicating that they had inherited the rfbD locus of the donor, while the remaining his+ transductants were antigenically 4, 5, 12. The virulence of three Virulence of Salmonella and 0 antigen 263 transductants from both classes was determined (Tables 2, 5 ). The LD50 values of three his+ 4, 5, 12 transductants were about 105, like that of the recipient, while the 9, 12 transductants showed slightly reduced virulence (LD50 -10~). The difference between these two recombinant classes was highly significant (P < 0.001). As a control, a his-mutant was made from one 9,1a transductant and was used as a recipient in a conjugational cross with an avirulent (LD50 = I O~) 4 , 5 , 12 S. abony Hfr strain. It was very unlikely that the avirulence loci in S. abony (Krishnapillai & Baron, 1964) would have been transferred in this conjugation, because of the his+ selection and the direction of chromosome injection by the donor (Fig. 2 ) . The LD50 values of two his+ 4, 5, 12 recombinants obtained in this cross were about 1oS, indicating a restoration of the original virulence together with the 4, 5, 12 specificity. The virulence of a his+ 9 , 1 2 recombinant was unchanged (LD50 > 10~). It thus appears that 4,5,12-specific side-chains confer a slightly higher degree of mouse virulence on a S. typhimurium strain than do 9, la-specific side-chains. The efect of 6, 7-specijic side-chains To convert the type 4, 5, 12 Salmonella typhimurium to type 6, 7, conjugation was first used instead of transduction, because there were no suitable transducing phages available for such an intergroup system. The results were later confirmed with 6, 7 and 4, 5, 12 transductants, obtained in the round about way described below.
The same virulent his-4 , 5 , 1 2 Salmonella typhimurium recipient (~~2 1 8 3 ) as before was crossed with an avirulent (LD 50 = 108) S. montevideo donor (Hfr) strain and his+ recombinants were selected. As expected (Makela, 1966) , about 80 % were serologically 6, 7 and had therefore inherited the ifbc cluster from the S. montevideo donor, while the remaining 20 % were 4, 5, 12 and had thus retained the original rfbB locus.
Virulence of two his+ 6,7 and two his+ 4 , 5 1 2 recombinants was determined (Table 6 ). These recombinants were also trp-like the recipient, which put a limit on the amount
of donor material on one side of the his marker (see Fig. 2 ) ; on the other side the 6 , 7 recombinants could have inherited a larger fraction of the donor chromosome. This fraction was probably quite small, however, and the two recombinant classes differed from each other mainly in the rj'b region, because in intergroup crosses only short chromosome fragments are usually incorporated (Stocker & Makela, 197 I) . The two recombinants with 4,5, 12 specificity were as virulent as the recipient (LD50 -105), while the 6,7 recombinants were avirulent (LD50 = 10' to 1 0~) .
The difference between the LD50 values of these two recombinant classes was highly significant (P < 0.001). As a further check it was tested whether the virulence of the 6,7 recombinant could be restored to the level of the parent, by reintroducing the rfbB locus determining 4, 5, 12 specificity, to a his-mutant of the 6, 7 recombinant. This 'backcross' was performed using the same s. abony Hfr donor as with the 9,12 transductants above. The LD50 values of two his+ 4, 5, 12 recombinants were between 105 to I O~, while the LD50 value of a his+ 6, 7 recombinant was unchanged (IO~), strongly indicating that the 4, 5, 12 side-chains had restored virulence to these recombinants ( Table 6 ). The fact that the original LD50 value of 105 was not quite achieved could be due to the manipulations (mutagenesis and crossing), which the strains had experienced before virulence testing. (his-, 6,7) was derived from recombinant ~~2 2 4 1 .
It seems very probable, therefore, that the loss of virulence in the 6, 7 recombinants was due to the presence of the rfbc locus, although possible 'avirulence loci' (Krishnapillai & Baron, 1964) Virulence of Salmonella and 0 antigen 265 Salmonella montevideo donor, could not be excluded. Because of the drastic reduction of virulence it was felt desirable to limit the amount of genetic material transferred along with his. This could be achieved in transduction, but the available transducing phage P22 would not attack 6, 7 bacteria. A P22 lysate could, however, be prepared by induction of a strain of S. typhimurium which was lysogenic for P22 and which had been given ifbc in a conjugational cross with S. montevideo as the Hfr donor. The lysate had a fairly low titre, and transduction did not succeed with ~~2 1 8 3 as a recipient. It did succeed, however, with another his-S. typhimurium strain LT2 (SHI).
The LD50 values of two his+ 4,5,12 transductants were again 105 to log like those of the recipient, while the corresponding values of his+ 6, 7 transductants were 1 0 ' to IO* (see Table 6 ).
DISCUSSION
This work has demonstrated that different 0 side-chains confer different degrees of mouse virulence on a basically virulent Salmonella typhimurium. Salmonella typhimurium with the original 4, 5, 12-specific side-chains is slightly more virulent than the same strain with 9, 12 specificity, and this is clearly more virulent than the same S. typhimurium strain with 6, 7 side-chains. Yet all the strains studied were smooth according to all available criteria : sensitivity to S-specific phages and resistance to R-specific phages ; S-type agglutination with specific anti-0 sera but no agglutination with 4 % (w/v) saline or with antirough sera.
In each experiment the virulence of several sister recombinants was compared in order to keep the strains as isogenic as possible, the only difference between them being in the 0 side-chain. When comparing the 9, 12 and 4, 5, 12 strains this purpose appears to have been well achieved. The strains were prepared by transduction, so that the non-identical fraction of the genome of the two transductant classes was less than I % (the amount of DNA transferred in transduction is of the order of I % of the total chromosome; both transductant classes also had common areas in the histidine locus received from the donor). The 6, 7 strains were prepared by conjugation and by transduction. In both cases the result was the same, low virulence always accompanying the 6, 7 characteristic and high virulence accompanying the 4, 5, 12 specificity. Combining the data from the transduction and the conjugation analyses, four strains of 9, 12 specificity were all less virulent than six sister 4, 5, 12 strains and five strains of 6, 7 specificity were clearly less virulent than seven sister 4,5,12 strains. There is strong evidence in these results for the association of virulence with the quality of the 0 side-chain as determined by the rfb locus. Other genes determining virulence and closely linked with the rfb locus are not excluded but if they exist their number is limited.
A limitation of the action of foreign (groups C or D) genetic material in the group B genome is also possible. Again the effect, if present, must be limited to rfb and a few other closely linked genes. If this impairment occurred, it was not large enough to make the strains detectably non-smooth, although searching criteria for smoothness were applied (Lindberg, Sarvas & Makela, 1970) . Pleiotropic effects of the foreign rfb genes are also conceivable but improbable.
We do not know how the quality of the 0 side-chain affects virulence. There are at least two possibilities: (a) the quality of the monosaccharide constituents of the different types of 0 side-chains is of major importance, or (6) the main factor is the 266 V. V. V A L T O N E N degree of exposure of the deeper layers of the cell wall including the LPS core, resulting from differences in length and/or arrangement of the 0 side-chains of different specificities.
The quality of the monosaccharides is very similar in the repeating units of the 4 1 2 and 9, 12 side-chains. The only difference lies in the dideoxyhexose which forms an immunodominant side branch in the main chain (Fig. I) , and which is abequose in 4,12 and tyvelose in 9,12. It is not easy to understand why the mouse reacts differently to the two sorts of dideoxyhexoses. The 4,12 strains used in this work also had factor 5, which corresponds to an 0-acetyl group on the abequose (Hellerqvist et al. 1968) , but in another study isogenic Salmonella typhimurium strains with and without factor 5 were found to be equally virulent, indicating that this factor does not affect virulence (V. V. Valtonen & P. H. Makela, in preparation). The 6, 7 side-chains on the other hand are very different, lacking both the deoxyhexose rhamnose and the dideoxyhexose.
From the point of view of the host in relation to the observed differences in virulence, two mechanisms can be suggested: resistance could be based either on an immunological mechanism or associated with phagocytosis. The 6, ppecific sidechains may be more immunogenic than the 4,5,12 side-chains, or the mice may have 'natural antibodies ' against 6, 7 antigen giving better protection against a Salmonella strain with 6, 7 specificity. If these were the main causes of the observed differences in virulence, we have to assume that a 9, 12-specific LPS is also more immunogenic than the 4, (9, 12 LPS, or that the mice possess more 'natural antibodies' against 9,12 than 4, (5),1z determinants. We have studied the role of the immune response in infection with the transductant strains used in this work and the results are to be published soon.
There are several reports which have shown that avirulent Salmonella strains are killed more rapidly by phagocytic cells than are virulent ones (Furness, 1958; Biozzi et al. 1964; Fauve, 1964; Ushiba, 1965) . The mechanism by which virulent strains can resist phagocytosis is unknown, but it seems probable that the structure of the LPS is of major importance in this respect. An obvious experimental approach would be to determine whether the 4, 5, 12 LPS is more 'antiphagocytic' than 9, 12 or 6, 7 LPS.
Similar differences in virulence associated with cell-wall polysaccharides have also been found in Pneumococcus and Escherichia coli. MacLeod & Krauss (1950) found that both the amount and the quality of the capsular polysaccharide have an effect on the virulence of Pneumococcus. The capsular polysaccharides are known to be 'antiphagocytic ' substances. The capsular polysaccharide of type VII Pneumococcus is a particularly efficient antiphagocytic substance ; it contains L-rhamnose and other deoxysugars (How, Brimacombe & Stacey, 1964) . Medearis and co-workers (1968) have found that the sugar composition of the cell wall strongly affects the virulence of E. coli. Apart from a rough mutant they also used an apparently smooth mutant of E. coli 0 -1 1 1 strain lacking only a terminal dideoxyhexose colitose in its LPS, and found this to be clearly less virulent than the parent strain. Loss of virulence in this mutant was accompanied by diminished resistance to phagocytosis. The present work with Salmonella strains has clear analogies with these observations. The 4, 5, 12 and 9, 12 side-chains, which confer stronger mouse virulence than the 6, 7 side-chains, also contain both L-rhamnose and a dideoxyhexose (abequose or tyvelose respectively), while the 6,7 side-chain does not contain either. One is tempted to suggest that Virulence of Salmonella and 0 antigen 267 these lipophilic deoxy-or dideoxysugars, which are rare in nature, are also important determinants of anti-phagocytic activity and thus of bacterial virulence.
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